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Spectrometric and dosimetric measurements were made around a cask containing spent fuel and a cask containing high-level
radioactive waste at the Swiss intermediate waste and spent fuel storage facility. A Bonner sphere spectrometer, an LB 6411
neutron monitor and an Automess Szintomat 6134A were used to characterise the n–g ﬁelds at several locations around the
two casks. The results of these measurements show that the neutron ﬂuence spectra around the cask containing radioactive
waste are harder and higher in intensity than those measured in the vicinity of the spent fuel cask. The ambient dose equi-
valents measured with the LB 6411 neutron monitor are in good agreement with those obtained using the Bonner spheres,
except for locations with soft neutron spectra where the monitor overestimates the neutron ambient dose equivalent by
almost 50%.
INTRODUCTION
In the absence of a high-level nuclear waste reposi-
tory, which is still to be built in Switzerland when
the investigation for an appropriate site will be ﬁn-
ished, an intermediate waste and spent fuel storage
facility (Zwischenlager—ZWILAG) has been con-
structed. It opened ofﬁcially in the year 2000 and
was granted a licence for operation in 2001. The
ZWILAG facility is located in Wu¨renlingen in the
northern part of Switzerland, a region that hosts
three of the four Swiss nuclear power plants.
ZWILAG serves as a storage facility for spent fuel as
well as all forms of radioactive waste in addition to
the treatment of low-level waste from nuclear power
plants, medicine, industry and research. It is owned
by the four Swiss nuclear power plants: Beznau,
Mu¨hleberg, Go¨sgen and Leibstadt, which totalise a
3.25 GWe production(1).
The high-activity storage room in ZWILAG
is able to accommodate 200 casks coming from
the Swiss nuclear power plants, containing either
spent fuel assemblies or vitriﬁed waste. The Swiss
federal nuclear safety inspectorate mandated the
Lausanne University Institute of Applied Radiation
Physics (IRA) who had already performed in the past
several spectrometric and dosimetric measurements
around different types of spent fuel storage casks in
Switzerland(2) and Sweden(3), to characterise the
neutron ambient dose equivalent rates in this storage
room. A ﬁrst set of measurements was undertaken in
ZWILAG around the ﬁrst cask stored in this room
(TN97L type), ﬁlled with spent fuel coming from the
Leibstadt nuclear power plant (KKL), with an esti-
mated global activity of 242 PBq. A second set of
measurements was undertaken in the vicinity of the
ﬁrst vitriﬁed high-level radioactive waste cask
(CASTOR HAW 20/28 CG type), ﬁlled with spent
fuel from the Go¨sgen nuclear power plant (KKG)
reprocessed in La Hague. The aim of the measure-
ments described here is to characterise the neutron
spectrum around the casks and to estimate the
neutron ambient dose equivalent rate using a Bonner
sphere neutron spectrometer and an integral
instrument.
The results are compared with published studies
concerning similar measurements around CASTOR
IIa casks(4), CASTOR 440/84(5), CASTOR
HAW 20/28 CG casks(6) or TN17/MK2(7).
MATERIALS AND METHODS
The measuring systems
The Bonner sphere neutron spectrometer
The Bonner sphere neutron spectrometer used in
this work consists of a miniaturised proportional
counter ﬁlled with 3He, sensitive to thermal neu-
trons, and a set of 11 polyethylene spheres of diam-
eters ranging from 2 to 15 inches (5.08–38.1 cm).
Measurements of the count rates are successively
taken with the bare counter, with the bare counter
shielded by a cadmium sheath, and with the poly-
ethylene spheres. The full description of the spec-
trometer, the establishment of its response matrix
and the test of its global performance in reference
neutron ﬁelds are already published(8).*Corresponding author: thierry.buchillier@chuv.ch
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The neutron ﬂuence spectra were unfolded from the
experimental data using the GRAVEL unfolding
code based on an improved SAND-II algorithm(9).
The program provides the distribution of the neutron
ﬂuence with respect to the energy fE (spectrum), the
total neutron ﬂuence, and the ambient dose equivalent
Hn*(10) using the ﬂuence-to-dose equivalent conver-
sion factors hf
* from ICRP74(10). In addition to the
statistical uncertainty on the count rates, the unfold-
ing procedure introduces additional uncertainty in
the spectrum shape. However, the integral quantities
(total ﬂuence, ambient dose equivalent) are less
affected. On the basis of computer simulations, cali-
brations and intercomparisons, the standard uncer-
tainty on the dose is estimated at+10–15%.
The neutron and gamma ambient dosemeters
Neutron ambient dose equivalent rates were also
measured with an LB 6411 (EG&G Berthold)
neutron monitor associated with the LB 123 elec-
tronic. The LB 6411 is made of an 3H/methane pro-
portional counter located inside a 250 mm spherical
low-density polyethylene moderator. The calibration
is made by the manufacturer using a non-moderated
252Cf neutron source. The energy range of this detec-
tor is 0.025 eV to 20 MeV. Gamma ambient dose
equivalent rates were measured with an Automess
Szintomat 6134A (scintillation detector for the
energy range 25 keV to 1.3 MeV and dose rate
0.1 mSv h21 to 0.1 Sv h21, calibrated in the 137Cs
photon radiation).
The measurement locations
The ﬁrst set of measurements took place in the
storage room for high-activity waste, close to the
ﬁrst and only cask present in this room, ﬁlled with
spent fuel (Figure 1). Two spectrometric measure-
ments were performed 1.0 m away from the cask at
different heights and one measurement was per-
formed at the centre top, 0.47 m above the cask
(Figure 2). Finally, one spectrometric measurement
was performed at a distance of 10 m away from
the cask at a location where the ZWILAG radia-
tion protection ofﬁcers routinely perform integral
measurements. The second set of measurements was
performed around the ﬁrst vitriﬁed high-level radio-
active waste cask from the Go¨sgen nuclear power
plant (Figure 1). Two spectrometric measurements
were performed 1.0 m away from the container at
different heights and one measurement was per-
formed at the centre top, 0.47 m above the container
(Figure 2). An additional spectrometric measure-
ment was performed at a distance of 10 m away
from the container. Between the ﬁrst and second sets
of measurements, ﬁve casks ﬁlled with spent fuel
and two ﬁlled with vitriﬁed waste have been entered
into the storage room. The second cask with vitriﬁed
waste from the Beznau nuclear power plant was
located at a distance of 4 m only from the ﬁrst one.
Therefore, all measurements were taken on the oppo-
site side with respect to the second cask in order to
minimise its contribution. Table 1 shows the precise
locations of the spectrometric measurement points.
The casks consist of a thick-walled cylindrical body
of 6.5-m height and 2.2-m diameter made of ductile
cast iron. The wall thickness is approximately 0.4 m
and includes polyethylene rods as a neutron modera-
tor. A double-lid system and a shock absorber are
bolted on top of the cask.
RESULTS AND DISCUSSION
The Bonner sphere count rates
The readings of the Bonner spheres corrected for
dead time are presented in Figure 3 as a function of
the sphere diameter for the eight measurement
locations. The statistical standard uncertainty shown
in the ﬁgure is evaluated from the readings, assum-
ing a Poisson distribution. The monotonic variation
of the count rate versus sphere diameter provides an
empirical check that no gross errors due to the
Figure 1. Schemes (not at scale) of the measurement
locations around the measured casks. The ﬁrst set of
measurements (upper panel) was performed on a spent fuel
cask. The second set of measurements (lower panel) was
performed later around a cask containing a vitriﬁed high-
level radioactive waste.
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malfunction of the equipment occurred during the
measurements(11).
In the absence of measurements with the 9-inch
sphere for all the locations, the 9- to 3-inch ratio—
a good measure of the neutron spectrum hard-
ness(12)—could not be established. Instead, the 8- to
2-inch ratio was used. This ratio ranges from 0.53 for
location 2 to 1.59 for location 7, as shown in Figure 3.
The neutron spectra
The dead time corrected count rates were unfolded
with the response matrix of the Bonner spheres in
order to obtain the neutron spectra. The SAND
iterative procedure requires the speciﬁcation of an
initial guess spectrum. For all locations several guess
spectra were considered. After the analysis of the
various outputs, a starting spectrum of the following
shape was adopted: a thermal distribution approxi-
mated by a constant ﬂuence per unit lethargy from
0.01 to 0.1 eV, a constant ﬂuence per unit lethargy
until 1.97 MeV and then a 235U ﬁssion tail. The
resulting neutron ﬂuence spectra are plotted in
Figure 4 in the lethargy representation E . f˙E. They
are essentially degraded ﬁssion spectra with a broad
maximum around 100 keV.
From the spectra of Figure 4, the neutron ﬂuence
rates f˙n have been calculated and are displayed in
Table 2. It can be seen that the ﬂuence rate measured
in the vicinity of the cask ﬁlled with vitriﬁed high-
level radioactive waste is about ﬁve times higher
than that measured in the vicinity of the cask ﬁlled
with spent fuel. Figure 4 also indicates that the neu-
trons ﬂuence spectra associated with vitriﬁed waste
are harder than those associated with spent fuel,
except for the top position (locations 4 and 8) where
the spectrum shapes are quite similar, and the 8- to
2-inch ratios are close to each other (1.42 and 1.35,
respectively). In Ref. (6) in contrast the authors
observed a somewhat softer spectrum on top of a
CASTOR V/19 cask than on the side wall. Also in
this reference, the spectrum on top of a CASTOR
V/19 with spent fuel was softer than on top of a
CASTOR HAW 20/28 with vitriﬁed waste. The
difference was explained by the characteristic burn-
up distribution of the spent fuel resulting in a low
emission in the top and bottom regions. This distinc-
tion and the self-absorption by the fuel assembly top
ﬁttings resulted in a larger effective shielding and
thus in a softer spectrum. In the present work, no
information concerning the shielding of the spent
fuel cask TN97L could be obtained. The above
Figure 2. The casks investigated in this study, TN97L type containing spent fuel (left) and CASTOR HAW 20/28 CG
type with vitriﬁed high-level radioactive waste (right).
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explanation suggests that the construction of this
type of cask is different from the CASTOR one.
Neutron ﬂuence spectra at a distance of 1 m from
the surface (locations 1 and 3, and locations 5 and
7) present similar shapes and 8- to 2-inch ratios
(0.69–0.69 and 1.54–1.59). The lowest positions
(1.95-m height) have spectra with a slightly higher
contribution of intermediate neutrons that are prob-
ably scattered from the ground. The spectra at
locations 4 and 8 (on top of the casks) are signiﬁ-
cantly harder. This is due to the fact that the lateral
neutron shielding is probably thicker and thus the
outcoming neutrons are more moderated laterally.
On the other hand, the spectra at positions 2 and 6
(10 m away from the cask) are softer than those at
positions 1/3 and 5/7. This is due to the contri-
bution to this spectrum of neutrons scattered by the
ground and the walls of the storage room.
The dosimetric results
The integral results obtained by the Bonner spheres
and using the corresponding conversion factors are
presented in Table 2. These are the average total
neutron ﬂuence rate f˙n and the neutron ambient
dose equivalent rate H˙n
* (10) based on ICRP
Recommendation 60(13). The gamma ambient dose
equivalent rate H˙g
* (10) measured by the Automess
Szintomat 6134A and the neutron ambient dose
equivalent rate H˙n
* (10) measured by the LB 6411
neutron monitor are also presented. The neutron
ambient dose equivalent divided by the neutron
ﬂuence is given as a measure of spectral hardness at
the different locations.
For each cask, the highest neutron ambient dose
equivalent rates are registered at the lateral locations
at 1 m distance from the surface of the cask (1/3
and 5/7). When comparing the neutron ambient
dose equivalent rates at similar locations around the
two casks, one observes that the cask ﬁlled with
vitriﬁed high-level radioactive waste registers a dose,
H˙n
* (10), 8.8 times higher than the cask ﬁlled with
spent fuel.
Table 2 shows that the ratio between the gamma
and neutron ambient dose equivalent rates can
greatly vary. For instance, around the sides of the
spent fuel cask, the photon dose component is
higher with a neutron-to-photon ratio between 0.19
and 0.89. The greatest difference between the two
components is found at the top of the container
(location 4) where the neutron dose rate is about 25
times more important than the gamma. This is
understandable by the fact that the top part of
the container (mainly steel) is much thicker than the
lateral parts and therefore speciﬁcally shields the
photons. Conversely, the dose around the cask ﬁlled
with vitriﬁed high-level radioactive waste contains a
dominant neutron component with a neutron-to-
photon ratio ranging between 2.1 and 4.8 (2.1 on
top). This ratio is very dependant on the type of
cask, waste, history and measurement location and
it is therefore difﬁcult to make a comparison with
the ﬁgures reported in the literature for other con-
ditions. It can just be observed that the present
values are in the same order of magnitude as those
given in Ref. (5) on the side wall at 1 m height
between groups of four CASTOR 440/84 casks with
spent fuel and differ quite a lot for the top position
(ratio of 6 and 23, respectively).
Figure 5 presents the ratio of the H˙n
* (10) measure-
ments performed by the LB 6411 neutron monitor
and the Bonner sphere system with the 8- to 2-inch
ratio. The uncertainties reported are obtained by the
quadratic summation of the LB 6411 and Bonner
sphere uncertainties. According to the informations
given by the manufacturer and the periodic recali-
bration of the instrument by an authorised labora-
tory, the LB 6411 standard uncertainty is evaluated
at +6%. This is the uncertainty for the measure-
ment in a radiation ﬁeld of known energy distri-
bution (252Cf) and does not include the uncertainty
due the energy dependence. If the latter is included,
a total uncertainty of approx 30% or more is
obtained. For the BS system, a standard uncertainty
of +15% is considered, which is the total uncer-
tainty of the determination of H˙n
* (10) in an
Table 1. Locations of the measurements.
Location Cask Angle (8) Distance from external
surface (m)
Height (m)
1 Spent fuel 270 1 1.95
2 Spent fuel 180 10 0.86
3 Spent fuel 270 1 3.92
4 Spent fuel On top Centre 0.47 (above top surface)
5 Vitriﬁed waste 0 1 1.95
6 Vitriﬁed waste 0 10 1.95
7 Vitriﬁed waste 0 1 2.89
8 Vitriﬁed waste On top Centre 0.47 (above top surface)
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Figure 3. Count rates at the eight measurement locations at ZWILAG in the vicinity of a cask ﬁlled with spent fuel (left
column) and a cask containing vitriﬁed high-level radioactive waste (right column). The measurement with the cadmium-
shielded counter is indicated by an empty circle.
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unknown radiation ﬁeld. The use of the 6% uncer-
tainty here is justiﬁed by the fact that the energy
dependence is studied with the 8- to 2-inch ratio.
The LB 6411 dose is higher than the Bonner spheres
dose for soft spectra and lower for harder spectra.
The LB 6411 neutron monitor overestimates H˙n
* (10)
by up to 40% for a spectrum with an 8- to 2-inch
ratio of 0.5, and underestimates it by up to 20% for
Figure 4. Neutron ﬂuence spectra measured at the eight measurement locations at ZWILAG in the vicinity of a cask ﬁlled
with spent fuel (left column) and a cask containing vitriﬁed high-level radioactive waste (right column).
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a spectrum with an 8- to 2-inch ratio of about 1.5.
The overestimation for soft spectra is explained by
the shape of the energy response curve of the LB
6411 given in the manual(14); in fact the instrument
is particularly oversensitive (up to about a factor 10)
for low-energy neutrons. From a radiation protection
point of view, the performances of this instrument
are quite satisfying because in the real situations
where it is mostly used in the storage facility the
indication is either conservative (around spent fuel
cask or at some distance from the cask where scat-
tered neutrons are present) or not too much underes-
timated (in the somewhat harder spectrum from
vitriﬁed high-level radioactive waste). This is also
the conclusion of the EVIDOS study(7) on the basis
of the spectra measured around a TN17/MK2 cask,
which in fact show a larger contribution of inter-
mediate and thermal neutrons than the spectra of
the present work.
Figure 6 shows the readings of the neutron
and photon area monitors, respectively, as a function
of the distance to the surface of the cask. The
data were normalised at a distance of 10 m.
The values were recorded at a height of 0.66 m and
an angular position of 08 for the radioactive waste
cask and 1808 for the spent fuel cask. As expected,
because the source is not a point source and because
of the scattered neutrons, the relation between the
dose rate and the distance is not in 1/d2 but rather
in 1/d. This is in agreement with the ﬁndings in
Ref. (4).
Figure 7 shows the variation with the angular pos-
ition of the neutron and gamma ambient dose
equivalents. The values were recorded every 458
around the cask, 1 m away from its surface and at a
height of 0.66 m. The asymmetry of the neutron
dose rate around the radioactive waste cask (higher
values between 90 and 2258) is due to the presence
of the second cask (for the measurement point at
1808) and to the scattering in the concrete wall of
the building (at 908) according to the situation
shown in Figure 1.
Figure 5. Variation of the ratio of the indications of the
LB 6411 monitor and the BS system with the 8- to 2-inch
ratio.
Table 2. Detailed integral results at the various locations and standard uncertainties.
Location H˙g
* (10) c(mSv h2 1)
Szintomat +10%
f˙n (cm
2 2 min2 1)
BS +15%
H˙n
* (10) (mSv h2 1)
BS +15%
H˙n
* (10) (mSv h2 1)
LB 6411 +6%
Ratio LB
6411/BS
+16%
Ratio
H˙n
* (10)/fn
(pSv cm2)
1 15 4120 13.4 15.4 1.2 54
2 1.9 306 0.905 1.3 1.4 49
3 40 2390 7.78 8.8 1.1 54
4 0.17 1008 4.20 4.03 1.0 69
5 18 11640 81.8 74 0.9 117
6 3.5 1708 7.55 7.7 1.0 74
7 18 12020 86.5 76 0.9 120
8 19 6960 40.8 33 0.8 98
In the last column, the neutron ambient dose equivalent divided by the neutron ﬂuence is given as a measure of the
spectral hardness.
Figure 6. Variation with the distance from the surface of
the cask of H˙n
* (10) and H˙g
* (10) at 0.66-m height and an
angular position of 08 for the radioactive waste cask and
1808 for the spent fuel cask. Values have been normalised
to 10 m.
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CONCLUSIONS
A complete characterisation of the neutron ﬁeld was
performed in the vicinity of a spent fuel cask and a
high-activity radioactive waste cask at the Swiss
intermediate waste and spent fuel storage facility.
The neutron spectra were determined with the
Bonner sphere spectrometer, allowing for accurate
ambient dose equivalent determinations. The
neutron ﬁeld around the cask containing vitriﬁed
radioactive waste was found to be harder and more
intense than the one around the cask containing
spent fuel, resulting in much higher ambient dose
equivalents around the former. The spectra at two
different heights along the side wall and on the top
of the vitriﬁed radioactive waste cask are very
similar. For the spent fuel cask a slight difference of
shape can be seen between the spectra at two differ-
ent heights explainable by the burn-up distribution
of the spent fuel. A more pronounced difference
appears on the top of the cask due to the difference
of shielding. The neutron ambient dose equivalent
measured with the LB 6411 neutron monitor are in
good agreement with those obtained using the
Bonner spheres (agreement within 20%), except for
large distances away from the cask (e.g. 10 m) where
the neutron spectrum is soft and for which the LB
6411 neutron monitor overestimates the values by
almost 50%. This shows that this type of instrument,
widely used for routine measurements inside the
storage facility, provides sufﬁciently accurate or con-
servative results. It is an important conﬁrmation for
area monitoring while the room is being progress-
ively ﬁlled with new containers.
ACKNOWLEDGEMENT
The authors are grateful to the collaborators of the
ZWILAG facility for their kind assistance and to
Dr. Franz Cartier from the HSK for his collabor-
ation in the campaign.
REFERENCES
1. Williams, T. ZWILAG: The Swiss intermediate waste
and spent fuel storage facility, Elektrizita¨ts-Gesellschaft
Laufenburg Proceedings of the Global Spent Fuel
Management Summit, Washington, DC. (2000) (www.
globalsummit.org/page498399.htm).
2. Aroua, A., Boschung, M., Cartier, F., Grecescu, M.,
Preˆtre, S., Valley, J.-F. and Wernli, C. Characterization
of the mixed neutron-gamma ﬁelds inside the swiss
nuclear power plants by different active systems. Radiat.
Prot. Dosim. 51(1), 17–25 (1994).
3. Klein, H. and Lindborg, L. (Eds). Determination of the
neutron and photon dose equivalent at work places in
nuclear facilities of Sweden, An SSI-EURADOS com-
parison exercise, part 1: measurements and data analy-
sis. SSI Report 95-15, ISSN 0282-4434, Swedish
Radiation Protection Institute, Stockholm (1995).
4. Messungen im Neutronen- und Gamma-Strahlungsfeld
eines beladenen Castor-IIa-Beha¨lters im
Transportbeha¨lterlager Gorleben und Vergleich der
Meßergebnisse fu¨r Neutronen mit Monte-Carlo-
Rechnungen, Heimlich, F. H. (Ed.), BfS-ET-24 (1997).
5. Kra´lı´k, M., Kulich, V. and Studeny´, J. Neutron spec-
trometry at the interim storage facility for spent nuclear
fuel. Nucl. Instrum. Methods A 476, 423–428 (2002).
6. Rimpler, A. Bonner sphere neutron spectrometry
at spent fuel casks. Nucl. Instrum. Methods A 321,
468–473 (2002).
7. Schuhmacher, H. et al. Evaluation of individual dosi-
metry in mixed neutron and photon radiation ﬁelds.
Physikalisch-Technische Bundesanstalt, Braunschweig,
PTB-N-49 (2006).
8. Aroua, A., Grecescu, M., Lerch, P., Preˆtre, S., Valley,
J.-F. and Vylet, V. Evaluation and test of the response
matrix of a multisphere neutron spectrometer in a wide
energy range, part i: calibration, part ii: simulation, part
iii: validation. Nucl. Instrum. Methods A 321, 298–
316 (1992).
9. Matzke, M. Unfolding of pulse height spectra: The
HEPRO program system. Physikalisch-Technische
Bundesanstalt, Braunschweig, PTB-N-19 (1994).
10. International Commission on Radiological Protection.
Conversion coefﬁcients for use in radiological protection
against external radiation. Publication 74, Ann. ICRP
26(3) (Oxford: Pergamon Press) (1996).
11. Alevra, A. V. and Thomas, D. J. Neutron spectrometry
in mixed ﬁelds: multisphere spectrometers. Radiat. Prot.
Dosim. 107, 37–72 (2003).
12. Aroua, A., Grecescu, M., Preˆtre, S. and Valley, J.-F. On
the use of some spectrum hardness quantiﬁers for
operational neutron ﬁelds. Radiat. Prot. Dosim. 54(2),
99–108 (1994).
13. International Commission on Radiological Protection.
1990 Recommendations of the International
Commission on Radiation Protection. Publication 60,
Ann. ICRP 21(1–3) (Oxford: Pergamon Press) (1991).
14. Neutronensonde LB 6411, Betriebsanleitung, EG&G
Berthold, 1. Ausgabe (18 December 1995).
Figure 7. Variation with the angular position of the
ambient dose equivalent rate at a distance of 1 m from the
surface of the cask and 0.66-m height, measured with an
LB 6411 neutron monitor and an Automess Szintomat
6134A gamma monitor.
T. BUCHILLIER ETAL.
326
